The kinetics of initiation of germination and inactivation by hydrostatic pressure of phosphate-buffered Bacillus pumilus spores is shown to be a consecutive firstorder process at 25 C. The effect of increasing pressure at constant temperature was studied, and rate constants were derived by using the criteria of heat resistance, refractility, and stainability. The calculated volume change of activation (AVt*) was -139 + 6 cm3/mole for loss of heat resistance, -158 i 8 cm'/mole for the loss of refractility, and -153 i 4 cm3/mole for the change in permeability to dilute stains for the pressure range 800 to 1,010 atm at 25 C. It is suggested that the spore exists as a Donnan phase and that pressure triggers germination by influencing the equilibrium.
When bacterial spores initiate germination, several physical and chemical changes occur. Two effects of practical importance are the increased sensitivity of the spore to both heat and radiation. In addition, the spores lose refractility, become stainable, show increased respiratory activity and a loss in weight, release calcium and dipicolinic acid into the surrounding medium, and the spore suspension becomes less turbid.
All of these changes occur (2) when Bacillus pumilus spores in aqueous and buffered suspensions are hydrostatically compressed at 25 C. Initiation of germination is followed by loss of viability. It was postulated (2) that a molecular volume decrease was involved in the initiation step.
Initiation of germination and inactivation of different species of bacterial spores by hydrostatic pressure has recently been confirmed by Gould and Sale (4) , and Sale, Gould, and Hamilton (10) .
We have now quantitatively examined initiation and inactivation of B. pumilus spores by hydrostatic pressure to establish a kinetic basis for comparing spore species in different environments. In this paper, we show that the kinetics of the initiation and inactivation of hydrostatically compressed B. pumilus spores at constant temperature is expressed by consecutive first-order rate expressions.
Rate constants for loss of heat resistance, loss of refractility, and resistance to uptake of dilute stain have been measured at 25 C for the pressure range 800 to 1,010 atm. 
MATERIALS AND METHODS
Experimental. The test organism was B. pumilus E 601. Heat-activated spores, suspended in 0.067 M phosphate buffer (pH 6.8, mono-and dipotassium) to a concentration of 2 X 107 to 8 X 107 spores/ml, were left standing at 4 C for at least 7 days before compression at 25 + 0.5 C for different periods of time. The methods used for spore production, the compression technique, and measurement of viable counts and heat sensitivity were as previously described (2) . At least 500 spores were exanuned on air-dried slides for each measurement of stainability by staining for 10 min with 1% methylene blue or for refractility by using phase-contrast microscopy. The decimal reduction time (D value) of the spore suspensions was 14 min at 90 C.
To establish the kinetics of the system, three tubes, each containing spore suspensions, were simultaneously compressed at 800 atm for periods up to 100 min; each test was repeated. After compression, the fractions of heat-stable and initiated survivors and the fraction of inactivated spores were determined. Heat-stable spores are defined as those which, after heating at 80 C for 15 min, form colonies on nutrient agar. Initiated spores form colonies after compression, but not after subsequent heating. Inactivated spores lose their colony-forming ability.
A different batch of spores was used to investigate the effect of increasing pressure in the range 800 to 1,010 atm on the kinetics of loss of heat resistance, change in refractility, and uptake of dilute stains.
The fractions of heat-stable survivors and refractile and unstained spores were determined from several replicates, by using only two periods of compression at each pressure because no induction period was observed (2) . The maximal time of compression was limited to 60% change, ensuring that rate constants at different pressures were calculated for similar proportional transformations of the original population.
Kinetic The initiation and inactivation of spores by compression has been analyzed as a consecutive firstorder kinetic system in which initiation precedes inactivation. The solution of the rate equations is readily obtained (3) . Letting k1 be the rate constant for loss of heat resistance and k2 that for inactivation at absolute temperature T and at pressure p (atm) then, when N, and Nk are zero
where T = kit, f = k2/kl, t = time in min, and exp (-r) = e-r.
The rate constant ki was derived by a least-squares linear-regression analysis of a semi-log plot of N. versus time. The origin of the least-squares line was not significantly different (P < 0.05) from N. = 1 at to. Because Ng is a function of k2 as well as ki, a value for k2 is not readily derived by graphical analysis. However, it can be obtained by substitution in equation 2. To simplify the calculations, a set of values of N, was computed for 0.01 < T < 28.3 in increments of 0.01, and for 0.02 < f < 0.54 in increments of 0.02. As r is known for each time from ki, it was possible to read off a value off correlating with each experimental N,. The mean of several f values for compression times between 25 and 80 min was used to evaluate k2 at 800 atm.
At constant temperature (T), the effect of pressure (p) on a rate constant (k) is expressed by -[dlnk/dp]T = AV*/RT 4 where R is the gas constant and AV+ is the volume change of activation (6) . Values for AV+ were obtained from the slopes of semi-log plots of k against p.
RESULTS
In Fig. 1 Figure 2 is a semi-log plot of the rate constants versus pressure. The volume change of activation, AVt, was calculated to be -139 i 6 cm3/mole for loss of heat resistance, -158 i 8 cm3/mole for loss of refractility, and -153 + 4 cm3/mole for the change in stainability in the pressure range 800 to 1,010 atm at 25 C. DISCUSSION The volume change of activation for this system is a measure of the net effect of pressure on reactions causing the physiological change at 25 C. Although A V* derived from kinetic analysis, and AV (the volume difference between the initial and final state of a system) are not necessarily equivalent, it is interesting to compare the AVV* values for the spore system at 25 C with those derived by Marsland cm3/mole as an average value for intracellular gels at 22 C. For gelatin, which is exothermal and increases in viscosity when compressed, i V was +185 cm3/mole at 22 C. Alderton and Snell (1) have compared the cation exchange properties of bacterial spores with weak cation exchange resins. They postulated that "any condition of cation load and environment capable of swelling the spore exchanger gel" decreases the hydration of the spore, thereby increasing its heat resistance. The corollary that loss of heat resistance is associated with increased hydration of the cell is consistent with our results and compatible with a gel-to-sol transformation during initiation of germination.
It is well established for ionic equilibria that pressure favors the more ionized state. Loss or exchange of organic and inorganic ions necessarily involves the transport of water. These generalizations and the negative volume change of activation suggest that the development of charged groups during initiation of germination decreases the free volume by increasing the hydration of the cell.
Rode and Foster (9) have postulated that "ions, especially but not necessarily inorganic ions are the critical initiating agents in the genus Bacillus." The weak ion exchange model suggests that initiation could be influenced by the nature of the ions in the suspending medium (5) . This effect may contribute to the increased rate of loss of heat resistance for compressed potassium phosphate buffer suspensions relative to distilled water suspensions at the same pressure and temperature (2) .
Extrapolation of the line for heat resistance in Fig. 2 to 475 atm predicts a 40% loss of heat resistance in 240 min at 25 C. No loss of heat resistance was observed when this pressure was applied for 240 min, in agreement with our previous results and conclusion (2) that in this environment compression does not simply accelerate a process occurring slowly at 1 atm at 25 C.
The threshold suggests that pressure initiates loss of heat resistance not by accelerating a change occurring slowly at atmospheric pressure but by influencing an equilibrium.
An implication of the weak-ion exchange model is that the spore is a Donnan system. The hydration of the cell would then be influenced by an osmotic differential between the Donnan (spore) phase and the open (aqueous) phase, the magnitude of the differential being determined by the nature and concentration of the counter ions in the spore and the suspending medium, pH, ionic strength, and temperature.
For this model, the threshold would be a re-flection of the physicochemical effect of pressure. Increasing hydrostatic compression, being opposed by the swelling pressure, would influence the Donnan equilibrium, any change being reversible until the applied pressure (Pa) and the swelling pressure (p,) were equivalent. Neglecting compressibility and assuming the Donnan potential to be zero when Pa = ps , further increases in pressure would require either a decrease in the electrochemical potential of the Donnan phase or a change in the sign of the co-ions. Either mechanism would allow a change in the sign of the Donnan potential and either is consistent with the release of calcium, dipicolinic acid, and other spore substances when the threshold pressure is exceeded (2) . A possible alternative explanation of the threshold is that a reversible equilibrium exists between the active and inactive form of an enzyme as postulated (7) to explain the influence of pressure and temperature on the intensity of light emitted by luminescent bacteria. The triggering effect of pressure is not readily interpreted by this approach because it requires the rate of initiation of germination to be a continuous function of temperature and pressure.
As a method for initiating the germination of bacterial spores, hydrostatic compression of aqueous suspensions is a useful and precise technique for studying the germination process for different environmental conditions. For kinetic experiments, the technique has the advantage that initiation can be triggered at different temperatures and ceases on decompression.
